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I N T R O D E  TION 

This program i s  concerned with new methods of generating and de- 

t e c t i n g  far inf ra red  r a d i a t i o n  and with t h e i r  appl icat ions t o  problems 

of physical  i n t e r e s t .  

of the inf ra red  region s o  t h a t  it may become as accessible  f o r  s c i e n t i f i c  

inves t iga t ions  as the rad io  and o p t i c a l  portions of the spectrum. 

The over -a l l  purpose i s  t o  advance the technology 
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FTBSENT STATUS 

Pulsed f a r - in f r a red  l a s e r s  operate  under conditions of e l ec t ron  

dens i ty  and discharge current  such t h a t  a t  l e a s t  two plasma e f f e c t s  may 

become evident .  F i r s t ,  if t h e  e lec t ron  dens i ty  i s  s u f f i c i e n t l y  high, the  

plasma is momentarily opaque t o  the  l a se r ing  emission, thus permit t ing 

the  population inversion t o  develop; the  cavi ty ,  then, i s  Q-switched by 

the  e l e c t r o n  dens i ty .  Second, if t he  l a s e r  pulse i s  emitted while a 

la rge  e l e c t r i c a l  discharge current and i t s  magnetic f i e l d  e x i s t  and 

while the e l e c t r o n  dens i ty  i s  s u f f i c i e n t l y  high, plasma birefr ingence 

occurs .  Plasma b i re f r ingence  implies two apparent wavelengths ins ide  

the  cav i ty  fo r  each frequency osc i l l a t ion ,  and thus it implies a doub- 

l i n g  of cav i ty  modes. (Since two cav i ty  wavelengths map t o  a s ing le  

vacuum wavelength some confusion would a r i s e  if the cav i ty  resonance 

spacing were used t o  deduce the s p e c t r a l  p roper t ies  of the  l a s e r  l i g h t . )  

Furthermore, the  two waves a re  orthogonally polar ized implying d i s t i n c t  

po la r i za t ion  proper t ies  f o r  the two cavi ty  modes. 

I n  t h i s  r epor t  we d i scuss  the appl ica t ion  of the Appleton-Hartree 

equations f o r  t he  propagation of electromagnetic waves i n  a cold magneto- 

i o n i c  medium without co l l i s ions ,  according t o  the plasma b i re f r ingence  

hypothesis .  It is  assumed t h a t  l a s e r i n g  begins during the moments of 

sharply-f  a l l i n g  a t tenuat ion  as the plasma frequency f a l l s  below the  

l i g h t  frequency. 

of  the discharge cur ren t ,  magnetic f i e l d ,  and ga in  c ross -sec t ion .  

The plasma birefr ingence is obtained f o r  a simple model 
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Comparisons with s e v e r a l  published r e s u l t s  a r e  made, and t he  r o l e  of t he  

implied e l ec t ron  densi ty  as  a lo s s  mechanism i s  discussed. Similar  com- 

ments are made f o r  the case of applied long i tud ina l  magnetic f i e l d s  on 

cw fa r - in f r a red  l a s e r s .  

The contr ibut ion of the electron d e n s i t y  t o  t h e  index of r e f r a c t i o n  

of a plasma i s  given by t h e  Appleton-Hartree d i spe r s ion  formulae 1 

(neglect ing c o l l i s i o n s )  : 

X 
2 n = 1 -  

(c, COS e e B  
, u = -  C - 

C 
w m yL - 

w s i n  0 
C - , 

ii) 
yT - 

where 8 equals the  angle between wave normal and B , the  magnetic 

f i e l d ;  N , e , and m r e f e r  t o  t h e  e l e c t r o n  density,  charge, and 

mass. The l i g h t  angular frequency i s  w . The po la r i za t ion  of t he  two 

waves is  given by 

P 

EX 

2 
i YT 

2 Y,(l-X) 
2 iil 4 Y,( l -x)  

+ 

s h o r t  time during the  f i r s t  in s t an t s  of t h e  pulsed discharge the  atoms 

and molecular fragments of t he  o r i g i n a l  vapor a re  s u f f i c i e n t l y  ionized 
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15 15 3 t h a t  X)l ( N  ) 9.8 x 10 per em3 f o r  337 1-1 , 3.9 x 10 per  cm 

f o r  538 p ) ,  t he  index of r e f r ac t ion  is  pure ly  imaginary, and the  medium 

r e f l e c t s .  Lasering on the  leading edge of  the  e l e c t r o n  dens i ty  pulse  

i s  unl ike ly ;  we consider the  decreasing e l ec t ron  dens i ty  on the  t r a i l i n g  

edge of the  pulse .  The center  frequency of t h e  cav i ty  is thus being 

swept, i n  t h a t  t he  o p t i c a l  cavity length  i s  being changed even though 

the  phys ica l  l ength  i s  no t .  The a t t enua t ion  a t  t he  same time i s  s t e e p l y  

decreasing. The l a s e r  output frequency then i s  not  only swept bu t  i s  

pul led  by a time-varying cav i ty  Q . The molecular l inewidth i n  the  

HCN l a s e r  has been estimated t o  be about 8 MHz (using cw mode-pulling 

da ta  and a mode-pulling model assuming a homogeneously-broadened l i n e )  ; 

i n  f a r - i n f r a r e d  l a s e r s  the  mode spacing, c/2L , where L i s  the  c a v i t y  

length,  i s  l a rge  with respec t  t o  t h e  molecular ga in  curve. 

2 

3 

Magnetic f i e l d  e f f e c t s  correspond t o  a f i n i t e  bu t ,  i n  t h i s  appl ica-  

t i o n ,  very small  value f o r  Y ; f o r  the  magnetic f i e l d s  involved the  

l i g h t  frequency i s  f a r  above the e l e c t r o n  cyclotron frequency. Two in-  

d i ces  of r e f r a c t i o n  and t w o  polar iza t ions  appear i n  the Appleton-Hartree 

formulas corresponding t o  upper and lower s igns .  We may r e l a t e  ind ices  

of  r e f r a c t i o n  and i n t e r n a l  wavelengths with two kinds of mirror  d i s -  

placement data:  

1. For o s c i l l a t i o n  a t  the same frequency, f o r  instance a t  the  

center  of t h e  molecular gain curve, the  two wavelengths a re  r e l a t e d  

through t h e i r  common frequency: 

n 
- -  - v = - ,  . - -  
n h  ri  ‘h x n 

0 - -  X 
C C x 

0 0  x x  0 X 

(3 )  
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The subscr ip ts  o and x r e f e r  t o  ordinary and extraordinary 

waves; "extraordinary" implies magnetic f i e l d  dependence, but i n  

general  both waves depend on t h e  magnetic f i e l d .  The Xo and 
1 

a re  the  two i n t e r n a l  apparent average wavelengths corresponding 
xX 

t o  each ex te rna l  vacuum wavelength. I n  t he  cases considered here,  

we have Xx >_ X . These two in f r a red  wavelengths can be in fe r r ed  

by measuring f o r  each polar iza t ion  the  mirror  displacement, X/2 , 
between adjacent mode numbers; from the  wavelengths we in fe r  the  

r a t i o  of r e f r a c t i v e  indices f o r  comparison with the  theory.  

2 .  The frequency of an ordinary-wave a x i a l  cav i ty  mode i s  given 

by (c/noLo) ( 2Lo/xo) where q = 2Lo/Xo i s  the a x i a l  mode number. 

For o s c i l l a t i o n  a t  t he  same frequency, for  ins tance  a t  the  center  . 

of the  molecular gain curve, and f o r  t h e  same mode number, we have 

f o r  two c a v i t y  lengths:  

0 

L - Lo n 
0 - 1 +  = -  X 

L 
- - -  X 

x 
- -  (4) 

n 
0 X 

L 
0 

L 

Thus the  two in f r a red  wavelengths may a l s o  be in fe r r ed  by measuring 

both the t o t a l  cav i ty  length and t h e  mirror  displacement between 

the  two po la r i za t ions  f o r  the  same mode number. For a la rge  i n t e r n a l  

wavelength d i f fe rence  of a f e w  p a r t s  i n  10 the two polar iza t ions  

a re  separated by seve ra l  half-wavelengths of mirror  displacement, 

I n  addi t ion,  t ransverse  modes may be present .  

more use fu l  f o r  small  i n t e r n a l  wave d i f fe rences  where the  mirror  

displacement between polar iza t ion  modes i s  l e s s  than the l inewidth.  

4 

This method then is  
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Transverse Magnetic F i e l d  

Consider t he  t ransverse  magnetic f i e l d  of the  discharge cur ren t  

i t s e l f  i n  the  s i t u a t i o n  of temporal overlap of the  cur ren t  and l a s e r  

pu lses .  Neglecting longi tudina l  f i e l d s  ( e  = fi/2 , YL = 0) we have 

from (I): 
2 

n = 1-X 
0 

x ( 1-x) 2 
2 
T 

n = 1 -  
1 - x - Y  X 

x O  - =  

2 

2 
xyT 

n 2 ( 1-x) 
n 
- s 1 -  

0 

Y 

2 
xyT 

2 
2 (1-x) 

<< 1 ( 5 )  

The po la r i za t ion  p = 0 f o r  the  ordinary wave and p = f o r  the  

ex t raord inary  wave. The E-vector of the  ordinary wave i s  everywhere 

p a r a l l e l  t o  the  l o c a l  plasma current magnetic f i e l d ,  while t he  E-vector 

of the  ex t raord inary  wave is perpendicular.  Thus the  two l a s e r  modes 

must have t h e i r  E-vector po lar iza t ions  as seen i n  F ig .  1. 

a re  es+;;mated i n  the  following way. C lea r ly  the  2 
yT Values f o r  

r a d i a l  d i s t r i b u t i o n  of e l ec t ron  and cu r ren t  dens i ty ,  t ransverse  magnetic 

f i e l d ,  and l a s e r  ga in  and mode vo lme  i s  complex. We assume the  cur ren t  

d e n s i t y  i s  coincident  s p a t i a l l y  with the e l ec t ron  dens i ty  and use a simple 

s t e a d y  s t a t e  model of the  r ad ia l  e l e c t r o n  d i s t r i b u t i o n ;  t he  parameter 

of t h e  Bessel func t ion  so lu t ion  t o  the  d i f fus ion  equat ion i s  ad jus ted  s o  

t h a t  t h e  f i r s t  zero appears a t  the  tube wal l ,  R ; then 

4 

N ( r )  = N ( 0 )  Jo (q) . 
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\/ 

FIG. 1 - - ( a )  E-vector po la r i za t ion  d i r e c t i o n  for ordinary wave with respec t  
t o  ax is  of maximum curren t .  
for ext raord inary  wave. 

(b )  E-vector p o l a r i z a t i o n  d i r e c t i o n  
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We s u b s t i t u t e  current  dens i ty  j ( r )  f o r  N ( r )  , apply Ampere's law f o r  

the  t ransverse  magnetic f i e l d ,  i n t eg ra t e  over r , and f ind ,  i n  terms of 

an a r b i t r a r y  rad ius  r and the  t o t a l  peak cur ren t  I , 0 

Figure 2 is  a schematic of the  r a d i a l  d i s t r i b u t i o n  of t h e  cur ren t  

dens i ty  and magnetic induct ion.  Note 

wal l  and it i s  qu i t e  f l a t  i n  magnitude over much of the  outer  a rea  of 

Be has a maximum away from the  

the  tube c ross  sec t ion .  Table I gives  as a funct ion of I a t  the  

r ad ius  of t he  maximum f i e l d .  Using these  numbers we may c a l c u l a t e  

2 XY,/2(1-X)2 and s o  i n f e r  f r o m  (3) and published " s p l i t t i n g s "  the  requi red  

X (- e l e c t r o n  dens i ty)  t o  support t he  plasma b i re f r ingence  hypothes is .  

These ca l cu la t ions  are  presented i n  F ig .  3 ,  and published s p l i t t i n g s  a r e  

summarized i n  Table 11. Mode po la r i za t ion  and i n t e r n a l  wavelength as  a 

func t ion  of cur ren t  measurements a re  now underway i n  t h i s  labora tory .  

One s e r i e s  of po la r i za t ion  expe rbe f i t s  has been published .5  These 

experiments c l e a r l y  show orthogonal po la r i za t ion  of the  r a d i a t i o n  f o r  

c a v i t y  length  s e t t i n g s  t o  e i t h e r  s i d e  of t he  peak power s e t t i n g .  Severa l  

f u r t h e r  observat ions support the  model. F i r s t ,  a s p e c t r a l  s p l i t t i n g  does 

not  appear under cw condi t ions where the  magnetic f i e l d  of t he  discharge 

cu r ren t  i s  a f a c t o r  of lo5 smaller.  There i s  some ambiguity whether under 

pulsed  operat ion the  apparent doublet i s  observed when an ex te rna l  spectro-  

meter i s  used t o  attempt t o  resolve i t .  6,7 Second, time r e s o l u t i o n  of 

t h e  cur ren t  and l a s e r  pulses snow t h a t  Lhere i s  very l i t t l e  zvcr lap fer 

c u r r e n t  pu lses  l e s s  than 180 A; t he  double mode has been repor ted  only 
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Current 
dens i ty  

Magnetic 
induct ion 

FIG. 2--Model f o r  r a d i a l  current  dens i ty  and magnetic induct ion d i s t r i -  
bu t ion  ( a r b i t r a r y  sca l e s )  I 
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1.0001 

2 

x = (?) 

0.99a  

0 . 9 8 5 ~  ._ 

-4 
r A  = 4 x 10 

2 

xyT 

2 ( 1-x) 2 A =  

FIG. 3--Change i n  r a t i o  of q p a r c n t  wavelengths as a. function of e l e c t r o n  
dens i ty  and discharge cur ren t .  
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, ' I  

200 A 
400 

1000 
600 

t 
'0 max 

537 LI 

I 

337 P . I 

I 1.4 x lo-' 2.0 10-9 12 gauss 

5 .  1.1 x 24 

3.5 x 10 9.0 x 10 60 
36 -8 -8 1.2 x lo-8 2.7 x 

Peak Current 
(or  o ther  da t a )  

I I I L 

Reference 

f r y  a simple e l ec t ron  dens i ty  r a d i a l  Table I .  Calculated YT a t  Be max 2 

d i s t r i b u t i o n  and R = 3.7 em. 

S p l i t t i n g  
, p a r t s  i n  104) 

No 

Yes 

0.6 
2.8 

3 
9 
Yes 

1 . 5  - 

Wave length  
( P d  

337 
337 
337 
337 
337 
537 

337, o thers  

337 

I 
10 

10 

Table 11. Summary of published da ta  where " s p l i t t i n g s "  were i n f e r r e d  
from cav i ty  tuning data .  
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I 

. .  

f o r  high cur ren t  (e .g . ,  450 A f o r  337 p), shor t -cur ren t -pulse  (e .g . ,  

1 . 5  psec) condi t ions .  Third, t h e  implied e l e c t r o n  dens i ty  i s  genera l ly  

cons i s t en t  w i t h  the  t i m e  delay between onset  of cur ren t  and l a s e r  pu l se s .  

The r a t e  of e l e c t r o n  dens i ty  decay may be est imated using a volume e l e c -  

t ron-ion recombination model and ex t rapola t ing  S t a r k  broadening da ta  for 

a hydrogen discharge having plasma parameters s i m i l a r  t o  those of the  

HCN l a s e r . 9  This r a t e  implies t ha t  without cu r ren t  flowing 0.2 psec a re  

requi red  f o r  X t o  f a l l  from l ’ t o  0.997; for bi ref r ingence  the  l a s e r  

pulse  must occur during the  current pulse ,  which l a s t s  t y p i c a l l y  two 

microseconds. 

Thus f a r  we have neglected t h e  r o l e  of e l e c t r o n  c o l l i s i o n s  with 

ions,  r ad ica l ,  atoms, and molecules. The average c o l l i s i o n  r a t e  V i s  

introduced through a r e t a rd ing  force m Vv i n  t h e  e l ec t ron  equat ion of 

motion, where v i s  the  e lec t ron  v e l o c i t y  and where t h e  average c o l l i -  

-b 

-t 

s i o n  frequency is assumed t o  be t h e  same f o r  a11 e l ec t rons  i n  the  e l ec -  

t r o n  temperature d i s t r i b u t i o n .  This fo rce  has the e f f e c t  of removing 

poles  and zeros from the  r e a l  and imaginary p a r t s  of t he  index of r e f r a c -  

t i o n .  Th i s  fo rce  toge ther  w i t h  t h e  e l ec t ron  dens i ty  implied by the plasma 

b i re f r ingence  hypothesis permit ca l cu la t ion  of t h e  l i g h t  a t tenuat ion  by 

t h e  e l ec t rons  provided one obtains a meaningful value f o r  t h e  average 

c o l l i s i o n  frequency. The c o l l i s i o n  frequency depends i n  t u r n  on t h e  

imperfect ly  known e l ec t ron  temperature. 

Assuming X = 0.997 implies a f i r m  value f o r  t he  ion dens i ty ;  apply- 

i ng  the  usual  formula f o r  e lec t ron  and ion  c o l l i s i o n  frequency i n  a 

p a r t i a l l y  ionized gas,  one obtains Z = v/co = 10 and 10 - for 

e l e c t r o n  temperatures o f  25,000 and 115,000°. The ordinary wave i n t e n s i t y  

16 -2 - 3  

0 
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. a t tenuat ion  i n  dB/m equals 434 CY where a / 2  = (u/c)Im(n)/cm and 

n = l - X / ( l - i Z ) .  

1460 dB/m f o r  Z = 10 and , r e spec t ive ly .  

2 The implied a t tenuat ions  a re  of t he  order  of 9800 and 

-2 

The l a s e r  ga in  requi red  t o  overcome these  extreme los ses  is  con- 

ceivable  f o r  long-wavelength l a s e r s .  If the  plasma berefr ingence hypo- 

t h e s i s  i s  proved co r rec t  by mode p o l a r i z a t i o n  and discharge cur ren t  versus 

cav i ty  length  measurements, then t h e  a t t r a c t i v e n e s s  of chemically pumped 

HCN l a s e r s  and ampl i f ie rs  w i l l  be apparent.  Power enhancement or stimu- 

l a t e d  emission on low-gain t r a n s i t i o n s  could a l s o  be achieved using with- 

i n  the  cav i ty  a t h i n  plasma mirror ( a  plasma Q-switch) which would permit 

the e l ec t ron  dens i ty  of t h e  pumping discharge t o  decrease over a f r a c t i o n  

of the  l i f e t i m e  of t he  inver ted  s t a t e .  For instance,  a 10 psec delay 

reduces X 

model, and the  a t t enua t ion  f o r  Z = 10 and i s  reduced t o  2140 

from 0.997 t o  0.87 on the  volume e lec t ron- ion  recombination 

-2 

and 192 dB/m, r e spec t ive ly .  

The implied a t tenuat ion  requi res  t h a t  mode ana lys i s  include t h e  

r a d i a l  and a x i a l  v a r i a t i o n  of r e f r a c t i v e  index and a t tenuat ion ,  which i s  

n o t  c a r r i e d  out he re .  It i s  c l ea r  from experimental  da ta  t h a t  o f f -  

a x i s  modes a re  favored.  13 

It i s  necessary t o  comment on the  approximation i n  ( 5 ) ,  which i s  

e s s e n t i a l l y  t h a t  Y << 1 - X  a t  t h e  moment of l a s e r  pu lse  onset .  Should 

t h i s  condi t ion not be met and c e r t a i n  o ther  condi t ions obtain,  a temporal 

T 

f i n e  s t r u c t u r e  is  predic ted  t o  appear. The ex t raord inary  mode appears 

f i r s t ,  then the  ordinary mode, followed by the  poss ib le  disappearance 

and reappearance of t h e  extraordinary mode, according t o  r) = 0 f o r  

X = 1 while n = 0 f o r  X = 1 - Y  . This phenomenon would be s i m i l a r  

t o  the  t r i p l e  s p l i t t i n g  of  rad io  propagation s t u d i e s .  

X 
14 
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Longitudinal Magnetic F i e l d  

We now inves t iga t e  t h e  plasma e f f e c t s  f o r  continuous-wave f a r  i n f r a -  

r ed  l a s e r s  f o r  the  case of  applied long i tud ina l  magnetic f i e l d s .  

t he  e l ec t ron  dens i ty  i s  perhaps a f a c t o r  of 10 

nace densi ty ,  and the  magnetic e f f e c t s  of t h e  discharge current  a r e  neg- 

l i g i b l e .  For 8 = 0 , 
r and 1 , r i g h t -  and l e f t - c i r c u l a r l y  polar ized:  

Here 

4 l e s s  than the  plasma reso-  

= 0 one obtains  from (1) and (2) two modes, yT 

L ~ -  Lr 

r L 

n 

n 
- r 

a 

- -  L ~ -  Lr 

r 

1 - x - YC+ xYL 
= 1 +  L 

L 
I n 

- r - -  
n a v 1 - x - Y;I- XYL 

Subs t i t u t ion  of p l aus ib l e  number r evea l s  t h a t  t h e s e  e f f e c t s  a re  

p o t e n t i a l l y  observable.  These e f f e c t s  may wel l  be involved i n  the  HCN 

l a s e r  observat ions of footnote  5 of re ference  3 .  

Applylng the  p lasna  b i re f r ingence  hypcthesis  t o  t h e  da ta  of re ference  

15 one obta ins  a c lose  match t o  t he  proposed 'I = 0.78" Zeeman s p l i t -  

t i n g  curve of F ig .  2b of t h i s  reference by assuming (6) and an e l e c t r o n  

ge 

(The implied i n t e n s i t y  a t tenuat ion  due t o  d e n s i t y  of  3 .2  X 10 13 /cm 3 . 
-2 

e l e c t r o n s  i s  about 2 and 0 . 2  dB/m for Z = 10 and , respec t ive-  

l y ,  and it i s  neg l ig ib ly  d i f f e ren t  f o r  the  two modes.) It appears neces- 

s'ary i n  t h i s  case t o  measure the e l e c t r o n  dens i ty  and temperature, calcu-  

l a t e  the  b i re f r ingence  and a t t r i b u t e  r e s i d u a l  s p l i t t i n g s  t o  molecular 

magnetic e f f e c t s .  
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I n  summary, the study during the  r epor t  per iod  of t he  e f f e c t s  of 

e l e c t r o n  dens i ty  on l a s e r  behavior has y ie lded  very i n t e r e s t i n g  p red ic t ions .  

It i s  hoped during the  next per iod  t h a t  through measurement of po la r i za -  

t i o n  as a funct ion of cur ren t  and l a s e r  pu lse  overlap t h e  b i re f r ingence  

hypothesis can be confirmed or  denied. If the  hypothesis i s  confirmed, 

e f f o r t s  w i l l  be made t o  increase power output through Q-switching o r  

chemical inversion;  i f  denied t h e  long i tud ina l  magnetic f i e l d  plasma 

e f f e c t s  w i l l  be demonstrated. 
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